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Abstract
Ni–Cu alloys are a suitable candidate as a catalyst in Hydrogen Evolution Reaction due to their catalytic performance and 
good stability. To enhance this activity more, the active surface area of the material should be enhanced. It is commonly 
achieved by the synthesis of metals and alloys in the form of nanostructures. In this work, Ni cones fabricated by the one-step 
method were applied as a substrate for the deposition of thin Cu layers. Then, these materials were annealed in an ambient 
atmosphere to obtain Ni–Cu structures. The investigation of changes in morphology and chemical composition, as well as 
roughness and wettability before and after the annealing process was performed. Moreover, the measurements of catalytic 
properties were carried out in 1 M NaOH. The values of the Tafel slope and the electrochemical active surface area were 
studied. The proposed method can be successfully applied to fabricate structures of other alloys for the desired properties.

Keywords Cones · Ni–Cu alloys · Annealing · Hydrogen evolution reaction · Surface development

1 Introduction

Functional materials are the group of materials that are 
designed and synthesized for proper function [1]. Desired 
properties can be achieved by selecting an appropriate fab-
rication method, which greatly influences the structures 
and compositions. For example, conical Co catalysts can be 
prepared by electrochemical deposition in anodic alumina 
oxide templates or by the one-step method [2]. They are 
characterized by different morphology, surface evolution and 
consequently catalytic performance.

Nickel, as a single metal and as a component of alloys, 
is well known for its catalytic performance in the hydrogen 
evolution reaction (HER) [3–5]. Electroplating of Ni–Cu 
alloys has been described in the literature. The structure and 

composition of the coatings produced can be influenced by 
changes in deposition potential [6]. Higher concentrations 
of Ni ions result in smoother surfaces [7]. Their catalytic 
performance is better in comparison with copper and Ni-
coated copper electrodes [8].

These materials also show good stability during HER [9]. 
For Ni–Cu alloys, different catalytic activities towards auto-
thermal reforming (ATR) of methane have been obtained 
depending on the synthesis method chosen [10].

Annealing is one of the methods that allows the synthesis 
of alloy materials [11]. The alloying degree varies with the 
annealing temperature [12]. The Ni–Cu system shows com-
plete solid solubility. It means that a single phase is created 
over the entire composition range [13]. The segregation of 
Cu appears due to the large differences in the melting point 
of Ni and Cu [14]. In the case of Ni–Cu alloys, the observed 
diffusion is a grain boundary one—Cu probably segregates 
to the boundary [15]. However, this phenomenon is stud-
ied mostly in the case of plastic deformation instead of the 
electrodeposited structures [16, 17]. Based on [18], anneal-
ing for 5 h at 423 K did not cause boundary migration of 
Cu in nanostructured Ni. Moreover, the annealing causes 
an increase in the crystallite size from 20 to 114 nm [19].

It is important to note that the used substrate influences 
the catalytic performance of the deposited material. Ni 
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catalysts show different activity towards dry reforming of 
methane to produce  H2 depending on the used ceramic oxide 
substrates [20]. The synthesis of Ni cones using the one-step 
method has already been well-described in the literature. 
To fabricate conically shaped materials, the crystal modifier 
[21], called also capping agent [22], is added to the electro-
lyte. It is believed that the growth is driven by screw disloca-
tions [23]. Nickel ions deposit on the defected sites formed 
due to the presence of the screw dislocations [24]. Therefore, 
the parallel direction of growth is blocked, and the perpen-
dicular one is promoted. At the beginning, Ni cones with 
the screw dislocations in different directions appear, then 
all screw dislocations have the same direction [25]. This 
method does not require using of any template because the 
anisotropy appears due to the growth kinetic differences 
along different crystallographic directions [26]. Then, the 
single electrodeposition process is enough to obtain conical 
structures. Due to this fact, this technique is called “one-
step”.  NH4Cl is a commonly used crystal modifier. Literature 
review shows that the addition of this chemical component 
helps in the fabrication of smaller, more regular, shar-ended 
cones compared with the typical chloride baths [27]. Moreo-
ver, the boric acid usually added to the electrolyte, creates 
the complexes with the metal ions [28]. Anyway, are many 
synthesis parameters that can influence the morphology of 
the electrodeposited structures, e.g. time of the deposition, 
amount of the added capping agent, or applied current den-
sity [29]. The magnetic field applied during the fabrication 
process also influences the properties of cones [30]. Fur-
thermore, Ni cones and other porous nanostructures can be 
decorated, e.g. with Rh [31] or Pd [32], using the galvanic 
displacement method. However, this approach is limited to 
the use of expensive noble metals.

This work presents a detailed characterization of Ni–Cu 
structures. The novelty of this work relates to the use of Ni 
cones as a substrate for further deposition of a thin layer of 
Cu. Samples were also annealed in an ambient atmosphere to 
allow copper to diffuse from the surface into the interior of 
the cones. Shifts in catalytic activity were analyzed consid-
ering changes in the chemical composition and morphology 
of the coatings. The results obtained provide new ideas to 
improve the catalytic performance of Ni structures.

2  Experimental

Nickel cones were synthesized using the one-step method. 
Structures were electrochemically deposited, for 5 min 
at 10 mA/cm2, from the electrolyte containing: 200 g/L 
 NiCl2 ×  6H2O, 100 g/L  H3BO3, and 20 g/L  NH4Cl. Chem-
ically polished Cu foil was used as a substrate. The thin 
layer of copper was deposited, from 0.5 M  CuSO4 in 0.5 M 
 H2SO4, on conical Ni structures for 2, 5, and 10 s at 10 mA/

cm2. In both cases, the Pt foil was used as a counter elec-
trode, and the saturated calomel electrode (SCE) as a refer-
ence electrode. These depositions were performed using an 
SP200 BioLogic potentiostat (Seyssinet-Pariset, France).

Conical structures, before and after the deposition of 
Cu, were annealed in the tube furnace in the atmosphere of 
technical nitrogen (Air Liquide) at 300 °C for 120 min. The 
heating rate was 5 °C/min. Coatings were cooled to room 
temperature with the furnace.

To characterize the morphology of cones after the depo-
sition and further annealing process, photos of structures 
were taken using a Scanning Electron Microscope SEM 
JEOL-6000 Plus (Tokyo, Japan). All the specimens were 
45° tilted during the observations. The chemical compo-
sition was determined using an Energy Dispersive X-ray 
Spectrometer (EDS).

The X-ray Photoelectron Spectroscopy XPS analyses 
were carried out in a PHI VersaProbeII Scanning XPS 
system using monochromatic Al Kα (1486.6 eV) X-rays 
focused to a 100 µm spot and scanned over the area of 
400 µm × 400 µm. The photoelectron take-off angle was 
45° and the pass energy in the analyzer was set to 46.95 eV 
(0.1 eV step) to obtain high energy resolution spectra for the 
C 1 s, O 1 s, Ni 2p, Cu 2p, and Cl 2p regions. A dual beam 
charge compensation with 7 eV  Ar+ ions and 1 eV electrons 
was used to maintain a constant sample surface potential 
regardless of the sample conductivity. All XPS spectra were 
charge referenced to the unfunctionalized, saturated carbon 
(C–C) C 1 s peak at 285.0 eV. The operating pressure in the 
analytical chamber was less than 4 ×  10–9 mbar. Deconvolu-
tion of spectra was carried out using PHI MultiPak software 
(v.9.9.3). Spectrum background was subtracted using the 
Shirley method.

Phase composition was analyzed using X-ray diffraction 
XRD with Rigaku MiniFlex II apparatus (Tokyo, Japan) 
equipped with the Cu lamp. The scan speed was 0.4°/min.

Changes in the roughness of synthesized coatings were 
determined using Atomic Force Microscopy (AFM) NTegra 
Aura NT MDT (Moscow, Russia) in a semicontact mode 
using an NSG03 tip.

Contact angles were measured using a high-speed cam-
era Model:9501 with the HiBestViewer 1.0.5.1 software. 
A droplet of 10 μL of deionized water was applied to the 
surface. Measurements were repeated 3 times for each sam-
ple. To determine the values of contact angle, the contour 
analysis was used in the Image J software version 1.8.0.

All electrochemical testing was performed using the 
SP200 BioLogic potentiostat. The geometric surface area 
of the samples was 2.8  cm2. Catalytic performance meas-
urements were performed in a three-electrode cell using a 
Pt foil as the anode and a saturated calomel electrode (SCE) 
as the reference electrode. Synthesized coatings were used 
as the working electrode. Linear sweep voltammetry (LSV) 
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measurements were performed in 1 M NaOH solution. The 
applied range was from the open circuit potential (OCP) 
value to—1.6 V vs. SCE. The scan rate was 20 mV/s. The 
electrochemical active surface area (ECSA) measurements 
were performed in a 1 M NaOH solution. CV scans were 
performed at the following scan speeds: 40, 60, 80, 100, 
140, and 180 mV/s. The stability of the coatings was deter-
mined by performing 50 CV scans at 250 mV/s after the 
LSV measurement. After this procedure, LSV was repeated 
and compared with the curve obtained.

3  Results and discussion

Metals and alloys synthesized by the one-step method show 
enhanced catalytic properties compared with bulk materi-
als [2]. Ni cones were used as substrates for the deposition 
of thin Cu layers. The obtained coatings were additionally 
annealed at 300 °C. SEM photos taken at 45° are shown in 
Fig. 1.

The results obtained show that the electrochemical depo-
sition of Cu did not affect the morphology of the substrates 
(Fig. 1a, c, e and g). Moreover, the applied annealing condi-
tions did not change the Ni cones (Fig. 1a, b). This confirms 
that the process conditions used were correct. Temperatures 
higher than 300 °C can cause softening of the Cu foil used 
as a substrate for Ni cones. On the other hand, lower tem-
peratures greatly increase the time required for Cu to diffuse 
from the surface of the cone. However, there are signifi-
cant differences between Ni structures with Cu deposited 
before and after annealing, but their top part became more 
round-ended. Performed simulations show that the surface 
of Ni–Cu alloys becomes smoother after the annealing pro-
cess [33]. Moreover, it suggests the changes in the chemical 
composition of cones. To confirm it, analyses using the EDS 
were performed. Results are listed in Table 1.

The chemical compositions determined confirm that the 
applied time of Cu deposition is sufficient. Cu was easily 
detected by the EDS method and its amount increased with 
time. At the same time, the content of Ni is lower. For all 
samples, the oxygen content after annealing is higher than 
before the process. This may be due to the adsorption of 
oxygen during the removal of the annealed samples from the 
furnace. However, attention was paid to their temperature—
the furnace was completely cooled. The presence of Cl is 
a residual from the synthesis of Ni cones and comes from 
the  NiCl2used. Therefore, the aim of the annealing process 
was the diffusion of Cu from the surface of the cone into its 
interior. In order to study this phenomenon, XPS analyses 
of coatings with deposited thin Cu layer were performed. 
The results are shown in Table 2 below. The focus was on 
changes in Ni and Cu content.

Within the experiment geometry, the information depth 
of analysis was about 5 nm. It allows the evaluation of the 
applied annealing process. Literature review shows, that dur-
ing the annealing in nitrogen, highly Cu-rich regions are 
formed near the top surface layer [34]. This phenomenon is 
also observed, in this work, for the annealed Ni–Cu struc-
tures. The contents of  Cu0,  Cu+, and  Cu2+ after annealing 
are much higher than for  Ni0 and  Ni2+.

The example of XPS spectra, for sample with 5 s of depo-
sition of Cu, is shown in Fig. 2.

The Ni  2p3/2 spectra were fitted with seven lines [35]. 
First asymmetric line centered at 852.1 eV indicate the pres-
ence of metallic nickel [36] whereas lines within the energy 
range 854–863 eV indicate the  Ni2+ in nickel oxide NiO and/
or hydroxide or some part of  NiCl2 [37].

Cu  2p3/2 spectra were fitted with six components with 
the first line centered at 932.7 eV points out the existence 
of  Cu0 or  Cu+ oxidation state like in  Cu2O and due to the 
presence on some samples large shake-up structures found 
within the binding energy range of 940–946 eV [38] and 
additional high left “shoulder” on spectra evidenced with 
the lines centered at ~934 and ~935 eV the  Cu2+ oxidation 
state can be identified [39].

The successful deposition of Cu is confirmed by XPS 
analysis. It is present on the surface of samples in the form 
of  Cu0 or  Cu+ and  Cu2+. The metallic Ni is detected, which 
means that the deposited layers are thinner than 5 nm. In all 
cases, after annealing, the  Ni0 has disappeared and  Ni2+is 
present instead. This means that Cu diffusion must have 
taken place and new phases were formed. The migration of 
the Cu atoms inwards was also predicted in [33].

Moreover, XRD measurements were performed. Exam-
ples of spectrum are shown in Fig. 3.

As presented, peaks coming from Ni and Cu-Ni phases 
cannot be distinguished directly based on obtained spectra. 
Peaks for Cu come from the copper foil used as the substrate 
for Ni cones.

As observed in SEM photos, the morphology of coatings 
changed after the annealing process. Changes in samples’ 
roughness were analyzed based on AFM results. They are 
listed in Table 3.

For all samples, the roughness increased after the anneal-
ing process. Moreover, the deposition of Cu for 5 or 10 s 
increased slightly the roughness compared with the sub-
strate—Ni cones. To the few micrometers of electrodeposi-
tion Cu, the surface is smooth which explains these small 
changes in roughness [40]. It can be concluded that the big-
gest development of the surface was obtained after anneal-
ing the sample with the layer of Cu deposited for 2 s. The 
examples of 3D images are shown in Fig. 4.

The provided images confirm the rounding of cones 
observed before in SEM photos (Fig. 1e, f).
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Synthesized Ni–Cu structures could be potentially 
applied as catalysts in HER. One of the important factors in 
the reaction of hydrogen evolution is the wettability of the 
surface. Contact angles were measured 3 times per sample. 
Results are shown in Fig. 5.

The wettability of coatings increased after the annealing 
of Ni cones without and with the thin layer of Cu depos-
ited for 2 and 5 s—all samples are hydrophobic. There is 
no change in the contact angle for the sample after 10 s of 

electrodeposition. Moreover, the sample after 5 s of Cu fab-
rication before the annealing is characterized by a lower con-
tact angle value than e.g. after 2 s. Even if, all samples were 
measured freshly after the synthesis, it seems some of them 
oxidized which influenced the obtained values. It relates to 
the affinity of Cu to oxygen.

LSV measurements were performed in 1 M NaOH. The 
current density was calculated assuming that the active 
surface area equals the geometrical surface (2.8  cm2). The 

Fig. 1  SEM photos of Ni cones 
after a 0 s, c 2 s, e 5 s, and g 
10 s of deposition of Cu. Coat-
ings with copper deposited for b 
0 s, d 2 s, f 5 s, and h 10 s were 
annealed
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obtained curves are shown in Fig. 6. The ohmic drop deter-
mination technique, based on the impedance measurement 
technique (ZIR), was applied before the LSV measurement. 
Therefore, the IR can be determined and compensated.

According to the data presented in Fig. 6, even five sec-
onds or more of Cu deposition increased the catalytic activ-
ity of the structures as compared to Ni cones. The small 
cathodic peak, especially visible for the sample after 10 s of 
electrodeposition, is related to the reduction of Cu oxides on 
the surface [41]. However, it is this coating that shows the 
best catalytic activity. It should be noted that the annealing 
of Ni cones with Cu decreases the catalytic performance of 
the samples—the slope of the curves and the values of the 
current densities achieved are smaller.

Values of EONSET so the potential at which the hydrogen 
evolution reaction started was determined based on curves 
in Fig. 6. To establish it, two tangents were plotted on the 
curve of the potential dependence on the current density. The 
point of their intersection indicates the onset potential. They 
are listed in Table 4.

In the case of Ni cones, annealing fastened the initial 
of the hydrogen evolution. However, for samples with the 
deposited layer of Cu, the commencement of this phenom-
enon was delayed. It can relate to changes in morphology as 
well as the wettability of the coatings’ surface.

In addition, the values of the Tafel slopes were deter-
mined on the basis of the LSV curves, as shown in Fig. 7. 
The value of the slope of the Tafel curve, which is an 
indicator of the mechanism of the hydrogen evolution pro-
cess, can be modified by changing the electrode material, 
modifying its chemical composition, phase composition, 
or surface development. The most desirable material is 
one that is characterized by low overpotential and high 
exchange currents.

In Fig. 7, a representation of the polarization scan with 
a logarithmic scale, which was used for Tafel slope deter-
mination, is shown. The low current range—lower than 
1 mA/cm2 is related to the charging of the double-layer and 
surface-dependent processes like reduction of oxidated spe-
cies and adsorption/desorption of molecules. The second 
current range, located between 1 and 10 mA/cm2 can be 
directly associated with the hydrogen evolution reaction. 
The linear course in this range can be used for the Tafel 
slope determination, which is commonly used in terms of 
mechanism identification. In the presented results, a sig-
nificant difference in the Tafel slope value from 274 to 
106 mV for the sample after the annealing process can be 
distinguished. Based on the theoretical values, the sample 
before the annealing process exhibited a significantly higher 
Tafel slope, which can be attributed to the highly inhibited 
mechanism of hydrogen evolution. This can be related to 
the formation of high-stability bonds between the electrode 
surface and adsorbed proton, which require significantly 
higher energy for recombination and  H2 formation. Surface 
treatment performed by annealing provides changes in the 
phase composition, morphology, and composition of the 
surface, increasing the number of electroactive spots on the 
electrode, where hydrogen evolution reaction is going with 
lower overpotential.

Below there is Table 5 with listed Tafel slope values 
before and after annealing process.

As can be noticed, all samples after annealing show lower 
Tafel slope and, therefore, highly inhibited mechanism of 
hydrogen evolution.

The values Tafel slope of the structures produced in this 
work were compared with the data found in the literature 
(Table 6).

After the deposition of Cu on Ni cones, as confirmed 
by XPS results (Table 2),  Ni0 and  Ni2+ and the mixture of 
 Cu0,  Cu+, and  Cu2+ were present on the surface of Ni cones. 
Cu passivates in alkaline media [47]. Therefore, the depos-
ited Cu blocked the active sites on Ni cones, and therefore, 
decreased its catalytic activity. These structures show much 
worse values of Tafel slopes. The annealing process caused 
the formation of Ni–Cu structures. They show improved 
catalytic properties compared with the literature data for 
Ni–Cu alloys. The values of the Tafel slope are lower. The 
applied annealing process caused the movement of Cu atoms 

Table 1  Chemical composition of prepared coatings

Sample Chemical composition (% at.)

O Cl Ni Cu

0 s 2,1 0,2 97,8 –
0 s, annealed 2,7 0,1 97,3 –
2 s 2,2 0,1 88,1 9,6
2 s, annealed 6,9 0,5 84,2 8,4
5 s 3,3 0,2 79,9 16,6
5 s, annealed 9,1 0,7 78,9 11,3
10 s 2,6 0,1 72,0 25,3
10 s, annealed 9,4 0,3 74,1 16,3

Table 2  Results of XPS analyses

Compound Ni Cu

Binding energy (eV) 852.1 854.3 932.7 934.0

Sample Ni0 Ni2+ Cu0/Cu+ Cu2+

2 s 23.2 36.8 35.8 4.2
2 s, annealed 0.0 28.5 33.1 38.4
5 s 10.9 18.2 63.2 7.7
5 s, annealed 0.0 7.7 77.5 14.8
10 s 12.4 16.3 64.2 7.2
10 s, annealed 0.0 6.8 87.4 5.8
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inwards Ni cones, and the creation of Ni–Cu structures, char-
acterized by good catalytic activity.

Active surface area is a crucial factor in HER. In this 
work, the determination of ECSA was based on registered 
changes in the double-layer capacity (CDL) with the CV 
scan rates [48]. In a chosen range of potential, the only reg-
istered currents relate to the loading of the double-layer. The 
dependency between the charging currents and scan rates for 
the layer after 2 s of Cu deposition is shown in Fig. 8.

Fig. 2  Examples of a Ni  2p3/2 and b Cu  2p3/2 spectra for the sample after 5 s of Cu deposition

Fig. 3  XRD spectra of the annealed samples with different times of 
Cu deposition

Table 3  Values of coatings’ roughness

Sample Roughness (nm)

0 s 75.3
0 s, annealed 120.7
2 s 72.3
2 s, annealed 135.4
5 s 91.7
5 s, annealed 103.5
10 s 93.1
10 s, annealed 101.0
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Obtained results were compared with the value of the 
electrochemical active surface area for the substrate—Ni 
cones (11.7  cm2). Values of the S factor are listed in Table 7. 
It was determined from the following formula:

S =
ECSA

ECSA
Ni

 , (1).
where:

Fig. 4  AFM 3D image of the 
sample with Cu deposited for 
5 s a before and b after anneal-
ing

0 s 0 s annealed 2 s 2 s annealed 5 s 5 s annealed 10 s 10 s annealed
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Fig. 5  Differences in the wettability between samples with deposited 
Cu before and after the annealing process
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Fig. 6  Obtained LSV curves. The 85% IR-drop compensate was 
applied for all curves
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ECSA—active surface area determined for the sample 
 (cm2),

ECSANi—active surface area determined for the conica 
Ni substrate  (cm2).

Based on the results obtained, the active surface area 
of the cones with Cu decreased after annealing. In par-
ticular, for 2 and 5 s of copper deposition, the values are 
smaller than those of the substrate. In the case of Ni cones, 
the annealing process increased the determined area. The 

greatest increase in active surface area was obtained after 
10 s of Cu deposition. The same sample shows the best cata-
lytic activity. However, the values obtained are approximate 
and cannot be used directly. The obtained trend is also oppo-
site to that observed for the results of the AFM method, 
where the roughness increased after the annealing process 
(Table 3). The problem of a clear definition of the surface is 
already known from the literature [49].

Table 4  Values of EONSET Sample EONSET (V)

0 s −1.33
0 s, annealed −1.29
2 s −1.30
2 s, annealed −1.31
5 s −1.29
5 s, annealed −1.35
10 s −1.29
10 s, annealed −1.35

Fig. 7  Determination of Tafel slope

Table 5  Values of Tafel slope Sample Tafel slope 
(mV/dec)

0 s 226.7
0 s, annealed 113.3
2 s 274.2
2 s, annealed 106.6
5 s 242.5
5 s, annealed 121.2
10 s 132.9
10 s, annealed 121.4

Table 6  Literature review of Tafel slopes of Ni, Cu, and Ni–Cu alloys

Material Tafel slope (mV/
dec)

References

Pure Ni net 127 [42]
Raney-Ni 122 [42]
Ni thin film 118 [43]
Rh-decorated Ni cones 77 [31]
Cu wires 127 [44]
Ni–Cu alloys 138–181 [45]

142 [9]
Ni–Cu nanosheets 60–80 [44]
Cu/Ni hierarchical structure 121 [46]

0.05 0.1 0.15 0.2

0.4

0.45

0.5

0.55

I,
[m

A
]

, [V/sec]

y = 0.94x + 0.363
R2 = 0.99

Fig. 8  Dependency between the charging currents and scan rates

Table 7  Values of S factor Sample S  (cm2/cm2)

0 s, annealed 1.3
2 s 2.0
2 s, annealed 0.4
5 s 6.7
5 s, annealed 0.7
10 s 22.0
10 s, annealed 1.6
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In addition, the stability of the coatings was tested by 
repeating the CV scan 50 times. The example of LSV curves 
before and after 50 scans is shown in Fig. 9. The electro-
chemical performance for the first and 50th scans is very 
similar, reaching the maximum current density in the range 
of −120–125 mA/cm2. In terms of the Tafel slope value, 
there is no visible change in the mechanism of hydrogen 
evolution.

Obtained curves confirm the stability of Ni cones with 
the deposited Cu thin layer. It confirms that the synthesized 
structures are suitable for the application as catalysts.

4  Conclusions

All the experiments performed confirm that it is possible to 
obtain Ni–Cu structures using Ni cones as substrate. Five or 
more seconds of Cu deposition allow to increase in the cata-
lytic performance of the structures compared to Ni cones. 
The synthesized material shows stability of its properties. 
The annealing process allowed the diffusion of Cu inside the 
Ni cones and consequently the formation of Ni–Cu struc-
tures. After this thermal process, the structures are rounder. 
The roughness of Cu coatings is increased. They are also 
more hydrophobic. Based on LSV measurements, the cata-
lytic activity was degraded after the annealing process. This 
is due to changes in the morphology and chemical compo-
sition of the surface. Due to the higher wettability, larger 
bubbles should have detached from the sample surface and 
temporarily blocked the electrode surface. The electrochemi-
cally active surface area also changed due to the rounding of 
the annealed structures. However, there is no clear trend. On 
the other hand, the alloyed samples show better values of the 
Tafel slope. Nevertheless, the idea of depositing material on 

Ni cones and further annealing them could be successfully 
applied to other metals and alloys in the future to improve 
catalytic or other desirable properties.
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